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ABSTRACT : Scientific applications demand high performance CMOS
Active Pixel Sensors. This paper will discuss where critical improvements
are needed and describe how to achieve them. Our current drive in image
sensor developments stem from the general needs of low-noise, high
dynamic range, data sparsification (either on-chip or on-pixel), high rates,
radiation hardness, sensor thickness and sensitive area.

1-INTRODUCTION

Silicon devices have been used since the 60s for the detection of radiation
[1]. The interest of MOS devices was immediately recognised and arrays
were designed. However, since their invention in 1970 [2], Charge
Coupled Devices (CCD) became the main imaging devices.

In the early ’90s [3, 4, 5], CMOS Active Pixel Sensors were proposed. It
was immediately recognised that CMOS APS, or Monolithic Active Pixel
Sensors, MAPS, have several advantages.

e MAPS are made in standard CMOS technology.

e Being monolithic, MAPS avoid the problems related to bump-
bonding or other types of connections.

e Because of the shrinking size of transistors, pixels can be made
very small or more functionality can be integrated in the same
pixels [6, 7, 8].

e MAPS have very low power consumption [9].
e Deep submicron CMOS is radiation resistant [10].

e Several functionalities can be integrated on the same chip together
with the sensor arrays. This brings simplification at the system
level and hence reduction of costs.Pixels can be accessed
randomly, trading off resolution or array size with readout speed or
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making it possible to track objects at very high speed [11].

e The readout and analogue-to-digital conversion can be massively
parallel, being normally column-parallel, but in some cases it is
even pixel-parallel [6, 7, 8].

e They can be made very easy to use, limiting the readout system
requirements to digital I/Os.

2 - RADIATION DETECTION WITH CMOS SENSORS.

CMOS sensors were originally proposed for the detection of visible light
and they are used this way in consumer products. However, CMOS
sensors can also be used for the detection of electromagnetic radiation and
charged particles, as explained in [12]. The detection of minimum ionising
particles with 100% efficiency was proposed in [13] and then first
demonstrated [13, 14, 15, 16]. Use of a CMOS MAPS with electrons was
demonstrated for energies going from around 100 keV [17, 18] down to
about 20 keV [28]. Different ways of achieving UV detection efficiency
are shown in [19, 29]. Efficient detection of X- or y- rays can also be
achieved with the use of a converter or scintillator, given that the typical
thickness of the sensitive layers is less than 20 pm.

3 - NOISE AND DYNAMIC RANGE

In CMOS MAPS the main source of noise is the reset noise (see for
example [13] and references there). Reset noise is well known and can
normally be eliminated by Correlated Double Sampling (CDS). However,
it is not easy to apply this technique in MAPS, since it relies on storage of
the reset level either inside the pixel or outside the pixel. In the latter case,
real-time CDS requires a memory, either digital or analogue, of the same
size of the pixel array. For large formats, e.g. megapixel sensors, this can
be highly impractical. Off-line CDS [15] is technically easier to apply, but
can only be used in specific applications where speed and memory
requirements are not too tight. In the case of storage in the pixel, a
modification to the standard structure of a diode and three transistors is
required. As a sensor, either a photogate [1] or a pinned-diode [21] can be
used. Another alternative is to integrate capacitances in the pixels to store
the reset level [22]. The in-pixel CDS comes with some disadvantages

since the thermal noise is increased by V2 and the speed is normally
halved by the need of reading out both the reset and the signal sample
sequentially. However, very good performances in terms of noise have
been presented, and probably the best result is 2 ¢ rms noise [21].
However, in some cases, it is not possible to use the CDS and techniques
for reducing the reset noise become interesting.



3.1 - HARD AND SOFT RESET

Some alternative structures for the reduction of noise have been presented
[22, 23, 24]. In these techniques additional transistors need to be added in
the pixel, reducing the fill factor and adding complexity into the design.

However, [26] shows that it is possible to have lower kTC noise even in
the case of the simple 3-MOS pixel (fig. 1). If the gate-to-drain voltage
Vip on the reset transistor exceeds the transistor threshold voltage Vr, the
reset switch is in strong inversion resulting in a “hard reset”. If Vgp<Vrt
the reset transistor enters the weak inversion region during the last phase
of the reset, and a “soft reset” is performed. In a normal, hard reset, the full
reset noise is left on the diode, i.e.

ENC,, = ~KTC 3.1]
q

where q is the charge of the electron, k the Boltzmann’s constant, T the
absolute temperature and C the total capacitance seen at the reset node
after the reset. This includes the diode capacitance as well as the gate
capacitance of the input transistors as well as any other stray capacitance
due to the reset transistors or the interconnect lines. Translated in
electrons, this formula states that the reset noise is about 40 ¢ rms for a
capacitance of 10 fF. Since it is difficult to achieve input capacitances
smaller than 5 - 10 fF, this formua indicates that the minimum reset noise
achievable in hard reset is of the order of 20 —30 ¢ rms

Figure 1 - Schematic of a 3 MOS transistor.

In the soft reset, the noise model is different and the noise variance is
reduced by a factor V2 with respect to the hard reset:

ENCsoft max :l H_C [3'2]
> q \ 2

However it is important to notice that this is the maximum level of noise
produced by the soft reset. The actual ENC will depend on the amount of



charge left on the input node before reset as shown in [26] :
2 2
ENC2, = _mKZTC | L0 |sgaromirc 3.3]
q mkTC

where m is the weak inversion non-ideality factor and Q is the charge left
by the previous reset. The function is an S-shaped curve whose upper limit
is given by [3.2].

These results suggest that, in applications where very little charge is
present in the input, or, stated differently, where the sensor is basically in

the dark, the reduction of the reset noise can be higher than V2 and the
reset noise can be reduced to about 10 e rms. We confirmed this

experimentally by measuring the noise distribution of the pixels in an array
of 64x64 pixels [28].

3.2 - FULL WELL CAPACITANCE AND DYNAMIC RANGE

In a MAPS, the charge-to-voltage conversion factor G at the input is fully
determined by the capacitance C at the input node. The following relation
holds

G[V/e™]=160/C[{F]

The maximum voltage swing AV at the input is determined by the
maximum voltage available in a given technology. This sets the full well
capacity Qrw, which turns to be proportional to C since

Quyle-1=AV[uV]/G[uV/e]l  or
Qg le—]1=AV[uV]* C[fF]/160 [4]

If, following the conventions used in imaging detectors [30], we define the
dynamic range as the maximum signal, i.e. the full well capacity, divided
by the minimum noise, we find

_ gAY, PC

—q2r 5
60 VkT 5]

where p is the reset noise reduction factor, equal to 2 in the case of soft
reset for large signals or higher for lower signals. This shows that (see fig.
2) the dynamic range is proportional to the input capacitance C. For a
given reset scheme, if small signals need to be detected, but dynamic range
is not a priority, for example in vertex detectors in particle physics, C
should be as small as possible. If the dynamic range is a priority, then C
should be as high as possible, within the limits set by the detectability of
the smallest signal.



x10°
18

16

14

12

=
o
T

(=]
T

Full well (in e-)

1 i i | i
0 20 40 60 80 100 120 140 160
ENC (in e- rms)

Figure 2 - Full well capacitance as a function of reset noise in hard and soft reset.

4 - READOUT RATE

Depending on the applications, the required readout rate and resolution can
vary significantly. On one side of the spectrum, there are applications [19,
29] where high resolution (14 — 16 bits) and low readout rate (less than one
frame per second fps) are demanded, and on the other one there are
aplications where low resolution (8 bits maximum) and high readout rate
(in excess of 10* fps) are requested [31]. The type of application will affect
the type of readout scheme and in particular the type of analogue-to-digital
conversion scheme to be used. To be able to respond to this wide range of
requests from scientific users, we are developping a number of analogue-
to-digital (ADC) solutions, ranging from in-pixel conversion to single-chip
solutions, through column-parallel solutions. For each solution, a different
architecture of the ADC has to be chosen.

The table 1 below summarizes the different type of architectures we have
developed so far.

The single-ramp ADC is a very compact solution and can be integrated in
a column [20] or even in a pixel. Its speed scales with 2™* and it can than
become rapidly impracticable for high resolution applications. The
pipeline ADC is our favourite solution for high resolution [32]
applications. It is however quite power hungry and occupies a large area,
making it impossible to integrate a large number of them on a single chip.
This is possible with successive approximation ADC. It is relatively easy
to achieve a moderate number of bits (10 — 12), and the architecture is



inherently low power and compact. Their speed scales linearly with the
number of bits Ny They are a favourite choice for column-parallel
applications where moderate resolution and relatively high speed is
required.

Geometry | Speed Resolution | Power
consumption
Single ramp Column Low High Medium
Single ramp Pixel High Low High
Pipeline Area High High High
Succesive Column Medium- | Medium- Low
approximation high High
Table 1

The two figures below summarize these considerations in the case of 8 and
16-bit resolution respectively. At low resolution, the pixel parallel solution
is the favourite one for frame rate. However, the pixel parallel solution
requires a complicated structure in the pixel and this reduces the fill factor.
As shown in figure 4, at high resolution the pixel parallel solution is better
than a more conventional successive approximation ADC only for very
high pixel counts, since the frame rate is uniquely determined by the long
time needed to make a conversion. This is without taking into account any
loss of image quality due to the reduced fill factor.

Figure 3 - Frame rate as a function of number of millions of pixels for a square
sensor and for different ADC architectures. 8-bit resolution.



Figure 4 - Frame rate as a function of number of millions of pixels for a square
sensor and for different ADC architectures. 16-bit resolution.

5 - CONCLUSIONS

CMOS sensors found their first applications in the detection of visible
light and became widely spread in consumer applications. We are now
developing this technology to meet the stringent requirements of scientific
applications. CMOS sensors can be efficiently used to detect a broad
spectrum of electromagnetic radiation and charged particles.

The dominant source of noise, the reset noise, can be reduced and, at low
illumination levels, noise in the range of 10 e rms can be obtained,
without any correlated double sampling. Different types of analogue to
digital converter architectures allow to trade off between speed and
resolution required. We anticipate that the use of CMOS sensors for
scientific applications will expand in the next few years.
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